1976. -Pulsatile pressure and flow were measured in the ascending aorta and other arteries of 22 anesthetized rabbits and 16 anesthetized guinea pigs. Pressure/flow relationships were expressed as vascular impedance. Aortic flow waves were almost identical in the two species, but pressure waves were quite different.
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1976. -Pulsatile pressure and flow were measured in the ascending aorta and other arteries of 22 anesthetized rabbits and 16 anesthetized guinea pigs. Pressure/flow relationships were expressed as vascular impedance. Aortic flow waves were almost identical in the two species, but pressure waves were quite different.
Reflected pressure waves returned earlier from the periphery in guinea pigs, augmenting pressure during late systole and resulting in relatively high external left ventricular work, an inappropriately larger difference between mean systolic and mean diastolic pressure and absence of any aortic diastolic pressure wave. Values of impedance modulus and phase were similar but differed in the frequency at which maxima and minima occurred. In both species, impedance curves were interpreted to indicate a functionally discrete reflecting site in the lower body whose position corresponded to the region of the aortic bifurcation.
In addition, rabbits showed evidence of an upper body reflecting site approximately one-third as far distant from the heart. As in dogs, the arterial system in both species can be represented by an asymmetrical T-shaped model of realistic dimensions. vascular impedance; arterial efficiency; pulsatile flow; arterial model; external heart work; wave reflection; pulsatile pressure; wave velocity STUDIES OF PRESSURE WAVES, flow waves, and pressureflow relationships have provided new understanding of arterial function and of the interaction between heart as a source and arterial system as a load. The most significant recent advance in this field has been the introduction of the concept of vascular impedance, since this term provides not only description of these relationships in an artery, but also full characterization of the vascular bed downstream (14, 15, 28, 31, 36) . In contrast to earlier methods of analysis, vascular impedance provides a precise quantitative description of the relationships between pulsatile pressure and pulsatile flow in an artery. Just as electrical impedance of an electrical network gives information about the properties of the network, vascular impedance can be interpreted so as to give valuable information about the properties of the vascular network into which flow is passing.
In dogs, studies of vascular impedance have yielded valuable specific information. They have confirmed that there is a high degree of wave reflection in peripheral vascular beds (19, 28) . They have also shown that the arterial system presents to the heart two functionally discrete reflecting sites, one being the result of all arterial terminations in the upper part of the body and the other the result of all terminations in the lower part of the body (20, 29) . The concept of functionally discrete upper and lower body reflecting sites has led on to a simplified explanation of wave travel over the system and of the contour of arterial pressure and flow waves (20-22, 26, 27) . F ur th er, studies of ascending aortic impedance have enabled definition of hydraulic load presented to the heart by the systemic circulation, demonstrating how arterial design is favorably adapted to cardiac function (19, 29, 31 ) and how such favorable characteristics are impaired by simulated disease (22, 23, 26) .
To date virtually all data on pulsatile pressure flow relationships and impedance have been obtained from dogs (15, 18-20, 23, 24, 26, 28, 29, 31) , though a limited amount of information is now available for man (11, 12, 17, 30, 32) . There are virtually no published data for other species. This paper presents the first stage of a comparative study of the mammalian arterial system. The purpose of the whole study is to ascertain the applicability within the mammalian kingdom of the principles established in dogs by reporting on data acquired on other animals (rabbits and guinea pigs) that have not been previously studied. It is to be expected that this study should provide more consistent results than available to date, since experimental data were to be obtained from mature animals of different species whose age and size were relatively uniform.
METHODS

Animals
Experiments were carried out on 22 mature rabbits and 16 guinea pigs. For rabbits, average weight was 2.95 kg (SE 0.10) and crown-rump length 39.1 cm (SE 0.05). Fourteen rabbits were New Zealand white and eight were Californian brown. No difference whatever was noted in arterial hemodynamics of the two species, and in analysis the results for all rabbits were pooled. For guinea pigs, average weight was 0.73 kg (SE 0.02) and crown-rump length, 23.2 cm (SE 0.2). In 12 animals, arterial pressure was measured through a needle in the auricular artery before induction of anesthesia.
The mean value was usually in the range 80-120 mmHg.
Pressure in the ascending aorta was measured with a 19-gauge needle attached to a saline-filled 17-gauge polyethylene tube 30 cm long connected to a Statham P23Db transducer.
The bevel of the needle was placed to face the direction of flow, thus measuring impact and not lateral pressure.
Impact pressure includes both the potential and kinetic energy of blood and in the authors' opinion is the appropriate quantity to relate to flow when considering ventricular load and vascular properties (25). As in previous work (28, 29), arterial pressure was maintained by slow intravenous infusion of norepinephrine (up to 4 pg/min) when it fell following thoracotomy. This was done in order to avoid effects of altered mean pressure on arterial impedance. (Intravenous norepinephrine per se has been shown to have little effect on arterial impedance (29), whereas alterations in mean pressure can have a marked effect (22).)
Flow in the ascending aorta was measured 4-6 mm proximal to pressure with a 5mm ID electromagnetic flow transducer.
This caused minimal constriction of the vessel. The distance between the needle and flow probe would have produced insignificant error in calculations which took pressure and flow to be measured at the same point. In five animals attempts were made to measure pressure and flow in the descending thoracic aorta and in the brachiocephalic artery. Technical difficulties were extreme in the latter situation. Satisfactory data were obtained for the descending thoracic aorta in three animals and for the brachiocephalic artery in two. In the ascending aorta, zero flow was taken as the diastolic part of the wave, whereas in the other two vessels it was obtained by completely occluding the vessel distal to the flow transducer.
After measuring pressure and flow in the proximal vessels, pulse wave velocity was calculated from the foot-to-foot interval of the pressure waves recorded simultaneously in the ascending aorta and femoral artery. Pressure in the latter vessel was measured with a 30-cm U-gauge polyethylene cannula attached to a Statham P23Db transducer.
In five animals, wave velocity in the upper part of the body was measured similarly from the distal carotid and ascending aortic pressure waves.
Pressure and flow recordings were taken where possible both with regular and irregular heart rhythm. Irregularity was achieved by use of an external pacemaker as previously described by Taylor (35). Guinea pigs. Experimental procedure was similar to that in rabbits. It was not possible to measure arterial pressure before the animal was anesthetized.
On nine occasions heart rate was obtained from the electrocardiogram with the animal fully conscious. Anesthesia was induced with an intraperitoneal injection of sodium pentobarbitone (25 mg/kg). Rectal temperature was measured throughout the experiment and maintained with ambient heating. As in rabbits and for the same reason, norepinephrine was infused intravenously to maintain mean arterial pressure close to normal; the infusion was commenced whenever mean pressure fell below 60 mmHg.
Flow was measured in the ascending aorta with a 3-mm ID electromagnetic flow transducer. It was not possible to measure flow in the brachiocephalic artery or descending thoracic aorta. Pressure was measured as in rabbits through a 19-gauge needle attached to a strain gauge manometer by a short 17-gauge catheter. Pulse wave velocity in the lower part of the body was measured in five animals from simultaneous pressure tracings in the ascending aorta and distal abdominal aorta as described above.
Instrumentation
Blood flow was measured with a square-wave electromagnetic flowmeter whose frequency response for amplitude was flat up to 30 Hz and whose phase lag was linear at 2.6"/Hz (12). Flow transducers were calibrated for steady flow by passing saline at known velocities through a piece of excised artery enclosed within the probe. Linear flow was derived from volume flow, assuming arterial lumen to be 90% of the internal diameter of the probe (14). The system was shown to be linear. Periodic checks, all satisfactory, were carried out on the calibration of the transducers. The pressure transducers were calibrated for static pressure against a column of mercury. The frequency response of the whole manometer system (which included needle, catheter, and transducer) was obtained by the pressure step or "pop" test (14). This resulted in an average natural frequency greater than 60 Hz and an average damping factor of 0.51. Appropriate corrections were subsequently made to the frequency components of pressure and flow waves. Pressure and flow signals were recorded directly on an FM tape recorder.
Processing of Data
Analog-to-digital conversion was performed by sampling at a rate of 100/s. Before sampling, both channels of pressure and flow were filtered using identical filters with a cut-off frequency of 50 Hz in order to avoid aliasing (35). The digitized data were processed on an IBM 360/50 computer.
Computation
Ten seconds (1,000 points) of irregular data of simultaneously recorded pressure and flow were subjected to spectral analysis using a standard program (10). To obtain estimates for the power spectral density, autoand cross-correlation techniques were used. A Hanning window was used for filtering to minimize bias errors AVOLIO ET AL.
vessels. Total external work (18, 23) represents all energy lost in the systemic circulation. The mean systolic pressure was obtained by integrating between the foot of the ascending aortic pressure wave and the first oscillation of the incisura, whereas the mean diastolic pressure was obtained by integrating between the first oscillation of the incisura and the foot of the following wave.
(4). A maximum lag of 100 was used in the correlation function. Coherence values for&he frequencies O-15 Hz were between 0.77 and 1.0. Pulsatile external left ventricular work was obtained from the first 10 harmonics of pressure and flow waves in the ascending aorta with the heart beating regularly (18, 23). Data were averaged over at least one respiratory cycle. Steady left ventricular work was calculated from mean aortic pressure and flow (assuming right atria1 pressure to be zero). Total external left ventricular work was the sum of pulsatile and steady components. Pulsatile external left ventricular work represent energy lost in arterial pulsations; steady external left ventricular work represents energy lost in maintaining forward flow through peripheral
RESULTS
Results for all animals are given in Tables 1 and 2 . On the average, rabbits were 4 times heavier than guinea pigs, but slightly less than twice as long. Cardiac output was approximately 4 times greater in rabbits but almost the same as in guinea pigs when corrected for weight. Mean arterial pressure was slightly less in guinea pigs under the conditions of measurement.
Heart rate, duration of ventricular ejection, peak velocity in the ascending aorta, and peripheral resistance were almost identical in the two species, whereas indices of arterial inefficiency -the percentage of pulsatile to total external left ventricular power and the relationship [(mean systolic pressure -mean diastolic pressure) divided by mean pressure] (21, 23, 26)-were almost twice as high in guinea pigs as in rabbits.
Arterial pulse-wave velocity was almost identical in the two species, averaging 420 cm/s in the brachiocephalic and carotid arteries and 450 cm/s in the descending aortic system of the rabbits and 413 cm/s in the descending aorta of the guinea pigs.
The pattern of ventricular ejection was almost the same in rabbits and guinea pigs (Fig. 11 , but the ascending aortic pressure wave was markedly different. In guinea pigs, peak pressure was reached in the second half of systole, and pressure declined thereafter without any diastolic fluctuations, whereas in rabbits peak pressure was usually reached in the early, middle part of systole, and the subsequent fall was almost invariably interrupted by a prominent diastolic wave.
Differences between guinea pigs and rabbits showed up again in input impedance to the systemic circulation (Fig. 2) . In guinea pigs impedance modulus (the amplitude of pressure oscillation divided by flow oscillation at any frequency) and phase reached minimal values around 11 Hz. In rabbits impedance modulus and phase reached minimal values between 4 and 5 Hz; above this frequency modulus rose again to a low maximum at 7 Hz before falling again to a second minimum at 12.5 Hz (which is almost 3 times the frequency of the first mini-01 2 4 6 n 10 12 14 FREQUENCY (Hz) mum). At&r reaching 0 at 4.5 Hz, impedance phase in rabbits remained slightiy negative up to 13.5 Hz when phase became positive. Apart from these differences in the frequencies of impedance minima between the two species, impedance curves were strikingly similar. The mean values of peripheral resistance in rabbits and guinea pigs, respectively (7.5 x 103 cf. 7.4 x lo" dyn s cm?, and the absolute value of impedance modulus at its first minimum were virtually identical, as were the maximal values of impedance phase (minus 1.10 rads in both cases). Figure 2 shows standard errors which are relatively large in relation to the fluctuations in impedance. This was due to the difference in level about which values were fluctuating rather than the difference in the fluctuations themselves. Every single rabbit showed the two minima with an intervening maximum of impedance modulus in the frequency range stated above.
The results of input impedance determination in the ascending aorta, descending aorta, and brachiocephalic artery of a single rabbit are shown in Fig. 3 . Samples of the data from which these were derived are given in Fig. 4 . These are representative of data from other rabbits.
In the descending thoracic aorta of the rabbit, minima of impedance modulus occurred at 4.5 and 13.5 Hz with an intervening maximum at 9.0 Hz. In the brachiocephalic artery, the minimum of impedance was reached at around 15 Hz, at which frequency the phase angle was close to zero. The behavior in both arteries was what would be expected in a single-tube system where reflections are caused by one functionally discrete termination (15, 28).
The impedance modulus in the rabbit's ascending aorta was similar to that in the descending thoracic aorta up to the first minimum, whereafter it rose less steeply to a lower maximal value between 7.0 and 10.0 Hz before falling to a minimal value between 13.0 and 15.0 Hz. Phase in the ascending aorta appeared as a composite of that in the other two vessels. These results are similar to those reported in dogs (19, 29, 31 ). An important difference, however, was that the minimum of impedance modulus in the brachiocephalic artery corresponded not to the first maximum of impedance modulus in the descending thoracic aorta (29) but to the second minimum.
Pressure waves in these three major vessels were similar, but flow waves were quite different (Fig. 4) . For this animal, whose data appeared representative, the duration of forward flow averaged 104 m s in the ascending aorta, 121 m s in the descending aorta, and 83 m s in the brachiocephalic artery. The short period of forward flow in the latter vessel was followed by backflow which corresponded in time with a broadened peak in the descending thoracic aortic flow wave while a subsequent forward oscillation corresponded to backflow in the descending thoracic aorta. The flow waves are essentially AVOLIO ET AL. similar to those previously measured in dogs (2, 20) and humans (17,271, though the relative duration of forward brachiocephalic flow appeared even less in the rabbits than in dogs and humans. The values of arterial pressure, cardiac output, heart rate, and pulse wave velocity for rabbits in this study are similar to those previously reported (1, 3, 14, 16, 33, 37) . Data for guinea pigs are in line with the limited published data for this species (9).
The pattern of ventricular ejection in rabbits and guinea pigs (Fig. 1) is similar to that recorded in dogs and man (17, 19, 281 . The ascending aortic pressure wave in rabbits while different to that in guinea pigs is similar to that in dogs, healthy young humans, and other mammals (19) (20) (21) 29) . It is so common for the diastolic reflected pressure wave to appear immediately after aortic valve closure that the "dicrotic notch" or foot of the diastolic reflected wave is often mistaken for the incisura caused by valve closure (24). The aortic pressure wave in guinea pigs, on the other hand, while different from that in other normal mammals, is similar to that seen in experimental animals under such abnormal conditions as extreme hypertension (22) and surgically induced coarctation (26) and from that seen in humans with arterial degenerative disease (21).
1 ... I ...
With similar flow patterns in the ascending aorta, differences in contour of the aortic pressure wave must be due to differences in vascular properties and so must be explicable in terms of vascular impedance.
Impedance patterns in dogs, rabbits, and guinea pigs are fundamentally very similar, the only real difference being the frequencies at which maxima and minima occur. In guinea pigs the first minimum is seen at 11 Hz, in rabbits at 4.5 Hz, and in dogs from 2.25 to 4.0 Hz, depending on size (29). In a range of mammals, it has been found that there is an inverse relationship between this frequency and the crown-rump length (13).
RABBIT
GUINEA PIG
Pulsatile Dynamics in Rabbits
It is generally agreed that fluctuations in modulus and phase of impedance in large arteries are due to wave reflection in the vascular bed downstream (15, 17, 19, 20, 22, (26) (27) (28) (29) 36) . It has been suggested that the impedance patterns in the ascending aorta of dogs are due to wave reflection at two functionally discrete sites, one representing the result of all arterial terminations in the upper part of the body and the other, the result of all arterial terminations in the lower part of the body (20, 29) . In the ascending aorta of dogs, the absence of discrete maxima and minima of impedance modulus at multiples of a primary frequency (i.e., that of the first minimum)
has been attributed to the cancellation of reflected waves resulting from the lower reflecting site being twice as far distant as the upper (29) (Fig. 5) . In rabbits the same evidence of cancellation is not apparent, and the first minimum of impedance modulus is followed by a second minimum at a frequency very close to 3 times the frequency of the first with an intervening lower maximum at nearly twice this frequency. Such behavior could be attributed either to a single reflecting site in the vascular bed downstream (as appears to apply for other arteries (Fig. 3) or to two reflecting sites with the distal site 3 times (rather than twice) as far away as the proximal site.
-.I . . . 1 . . . . A number of considerations suggest that the latter is the correct interpretation.
If there were a single peripheral reflecting site, one would expect to see above 5 Hz greater oscillation of impedance phase and a higher maximum of impedance modulus than is manifest in Fig. 2 . In addition, one would expect to see in the branches of the ascending aorta evidence of reflecting sites which are the same distance downstream, and one would not expect the reciprocal oscillations of flow in the major vessels supplying the upper and lower parts of the 874 AVOLIO ET AL.
body which are evident in Fig. 4 . If reflection sites in the lower part of the body were 3 times as far distant as proximal sites, one would expect the second mimimum to occur at 3 times the frequency of the first, the intervening maximum to be attenuated, and the impedance phase to show little fluctuation above 5 Hz. Such behavior is seen in Fig. 2 . Using values of pulse wave velocity as determined experimentally (450 cm/s for the descending aorta and 420 cm/s for the carotid artery), the distance to the reflecting sites from the ascending aorta may be calculated. For a closed tube, the first antinode of flow (and hence an impedance minimum) occurs at one-quarter wavelength; hence the upper body site so determined is (l/4) x (420/12.5) or 8.4 cm distant, and the lower body site is (l/4) x (450/4.5) or 25 cm distant. The first site corresponds anatomically with a point in the lower part of the upper arm or about the angle of the jaw, whereas the second site corresponds to the bifurcation of the aorta at the pelvis (Fig. 5) . Both of these sites are in comparable positions to those previously calculated for the dog (Fig.  5) . The lower site in rabbits, however, is effectively further away because the lower part of the body is relatively longer. Figure 5 shows the model suggested by these calculations. This is an asymmetric T tube whose lower limb is 3 times the length of the upper. The veracity of the proposed model in Fig. 5 is supported by determination of impedance in the brachiocephalic artery and the descending thoracic aorta. In the former vessel, impedance modulus shows a minimum at around 14 Hz, whereas impedance phase approaches zero at the same frequency. Both suggest a reflective site some 7.5 cm distant in the upper part of the body. In the descending thoracic aorta, impedance modulus and phase suggest a presence of a reflecting site some 25 cm downstream in the lower part of the body. The maximum in the impedance modulus occurring at 9 Hz (twice that of the first minimum) is seen to be much larger than that for the ascending aorta. This further supports the suggestion of a single functionally discrete reflecting site, representing a closed tube with incomplete reflection at its termination.
The reciprocal oscillations of flow in the descending thoracic aorta and brachiocephalic artery (Fig. 3) could only be due to reflective sites at different distances downstream, whereas the early reversal of flow in the brachiocephalic artery (when the aortic valve is still open) could only result from very early return of a reflected wave from the upper part of the body. All data presented here are consistent with an asym,metric Tshaped model representing the arterial system in rabbits. This model was first suggested by studies of arterial pressure and flow in dogs. The only difference between dogs and rabbits is easily explained in terms of different relative body dimensions. Indeed, we are unable to explain all results presented here on the basis of any other simple model.
Pulsatile Dynamics in Guinea Pigs
In guinea pigs, limitations in experimental technique prevented determination of impedance at multiples of the frequency of the first minimum of modulus and phase, and it was not possible technically to measure flow in vessels supplying the upper part of the body. No conclusions could therefore be reached about reflecting sites in the upper part of the body.
It could be said that the impedance in the guinea pig (Fig. 2) could be explained by the classical Windkessel model. While this may appear to be so, it is inappropriate to suggest a completely different model of the arterial system for this particular species, especially when same pulse as in wave velocity was found to be much the dogs and rabbits. (The Windkessel model assumes infinite wave velocity.) The distance to the furthest reflecting site in guinea pigs was calculated as (l/4) x (413/H) or 9.5 cm from the recording site in the ascending aorta. This corresponds anatomically to a point in the lower abdominal aorta. Again, this is in a similar position to that proposed for dogs and rabbits (Fig. 5) .
These interpretations of impedance patterns provide an explanation for the difference in aortic pressure waves in rabbits and guinea pigs. It is possible to explain these in terms of difference in timing of pressure waves reflected from the lower part of the body. (Reflected relativ waves from the upper rely small contribution sure wave contour (17)J part of the body make a to ascending aortic pres--In rabbits one would expect the reflected "echo" from the lower part of the body to be most prominent 25 x 2/ 450 or 111 m s after the peak of aortic flow, and in guinea pigs one .would expect the echo to return 9.5 x 2/ 420 or 45 m s after the peak of aortic flow. This timing corresponds in rabbits to the peak of the diastolic wave and in guinea pigs to the late systolic peak (Fig. 1) . Thus, the difference in ascending aortic pressure waves between rabbits and guinea pigs appears to result from differences in body length. Similar explanations have been given for the contour of ascending aortic pressure waves i contour n of experimental coarctation ( the aortic pressure wave in 26). Alteration hypertension a --in nd arteriosclerosis have been attributed to increase in pulse wave velocity with unchanged peripheral reflecting sites (21, 22) . In these conditions, the echo returns early because the wave travels fast.
The studies of aortic coarctation, hypertension, and arterial degeneration have stressed how impaired cardiac performance can result from augmentat systolic pressure by early return of reflected ion of aortic waves from peripheral sites. The same considerations apply to apparently mature guinea pigs under normal experimental conditions. Compared to other species, the unsatisfactory match between cardiac and vascular properties in guinea pigs is shown in the high values of pulsatilel total external left ventricular power, and of the relative difference between mean systolic and mean diastolic pressure (21, 23, 34) . Both of these indices of arterial inefficiency are almost twice as high as in rabbits and dogs.
The findings in guinea pigs are unique in our studies to date, a For some nd no explanation reason the resting can be offered at this time. heart rate in guinea pigs is inappropriately slow and d uration of priately long in relation to body dime -ejection nsions.
inappro-
